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Abstract To date, there are no published MHC sequenc- 
es from the California sea lion (Zalophus califomianus), 
a thriving species that, by feeding high on the marine 
food web, could be a sentinel for disturbances in marine 
and coastal ecosystems. In this study, degenerate primers 
and RACE technology were used to amplify near-fiiU- 
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length (MhcZaca-DQB) and full-length (MhcZaca-DQA) 
expressed class II MHC gene products from the periph- 
eral blood mononuclear cells of two California sea lions 
in rehabilitation. Five imique Zaca-DQA sequences and 
eight unique Zaca-DQB sequences, all encoding fimc- 
tional proteins, were identified in the two animals, indi- 
cating the presence of multiple DQ- loci in this species. 
An additional three Zaca-DQB sequences containing fea- 
tures compatible with pseudogenes or null alleles were 
also identified. Despite the identification of multiple 
DQA and DQB sequences, the degree of heterogeneity 
between them was extremely low. To confirm the limited 
degree of Zaca-DQ nucleotide variation between indi- 
viduals, we used denaturing gradient gel electrophoresis 
to examine putative peptide binding region sequences 
from the peripheral blood leukocyte-derived RNAs of 19 
wild-caught California sea lions from physically distinct 
populations. The pattern of Zaca-DQ sequence migration 
was identical between individuals and independent of 
geographical region. This apparent Zaca-DQ sequence 
identity between sea lions was confirmed by direct 
sequencing of individual bands. In combination, these 
fmdings raise important questions regarding immimoge- 
netic diversity within this thriving species, and should 
prompt further research into the existence of a highly 
polymorphic sea lion class II MHC molecule with se- 
quence features that support traditional peptide binding 
fiuictions. 

Keywords Mhc • Comparative immunology • Veterinary 
immunology • California sea lion 

Introduction 

The major histocompatibility complex (MHC) is a fami- 
ly of highly polymorphic genes encoding a set of trans- 
membrane proteins that are critical to the generation of 
immune responses (Klein and Sato 2000a, b; Paul 1999). 
These cell surface glycoproteins play a key role in the 
initiation of an immune response by binding foreign pep- 
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tides and presenting them to T cells (Klein and Sato 
2000a, b; Paul 1999). The polymorphism of these MHC- 
encoded proteins ultimately determines the repertoire of 
antigenic determinants to which an individual is capable 
of responding (Reizis 1998; Zinkemagel 1979). The high 
level of MHC class I and class II genetic variation found 
in most mammals is thought to be an adaptation to the 
large number of pathogens encountered by natural popu- 
lations (Hughes and Hughes 1995; Hughes and Yeager 
1998; Klein and Takahata 1990; Vogel et al. 1999). It has 
also been suggested that infectious disease epidemics of 
the past have played a central role in determining the 
MHC allele and haplotype frequencies observed in popu- 
lations today (Yuhki and O'Brien 1990). 

Genetic and antigenic diversity of the MHC could 
play an important role in a host's ability to accommodate 
rapidly evolving infectious agents that periodically afflict 
natural populations (Yuhki and O'Brien 1990). Con- 
versely, a lack of variation at the MHC may increase the 
susceptibility of an isolated population to infectious dis- 
ease epidemics, with potentially catastrophic consequenc- 
es (Yuhki and O'Brien 1990). Because of the key role of 
MHC diversity in disease susceptibility, understanding 
polymorphism of these genes, and their products, is vital 
in studying infectious disease ecology at a population 
level. Furthermore, MHC genotyping can help identify 
individuals or populations with a low level of immunoge- 
netic heterogeneity, and help us understand the microevo- 
lution of the host immune system to pathogenic and envi- 
ronmental influences (Hedrick 1994; Hughes and Hughes 
1995). This is particularly important in marine species 
whose chemical and microbial environment is increasing- 
ly influenced by anthropogenic encroachment, increasing 
their risk of exposure to novel pathogens (De Swart 1996; 
Harvell et al. 1999). In this study, we examined MHC 
gene products from California sea lions (Zalophus calif- 
omianus). This species is of particular interest because 
they, along with other marine mammals, feed high on 
the marine food web, and are excellent sentinels for dis- 
turbances in marine and coastal ecosystems globally 
(Gulland 1999). In addition, because of their migratory 
and breeding behaviors, there are a small number of CaU- 
fomia sea hon populations that are effectively geographi- 
cally isolated from one another. This provides a natural 
model with which we can examine the immunogenetic 
consequences of different regional pathogenic and envi- 
ronmental influences on the MHC of a thriving species. 

There are two broad classes of MHC molecules, 
MHC class I and II, involved in binding and presenting 
antigens to the cells of the immune system. MHC class I 
molecules predominantly bind peptides from proteins de- 
graded in the cytosol, such as those produced during 
viral infections. Class II molecules primarily bind pep- 
tides from proteins that originate outside the cell, such 
as those produced by extracellular bacterial infections. 
Little is blown about MHC organization and function in 
marine mammals. In fact, to date there are no published 
California sea lion MHC sequences. Since bacterial in- 
fections are an important cause of morbidity and mor- 

tality in this species (Dierauf et al. 1985), we examined 
the expressed products from two California sea lion 
MHC class II genes. This is the first study characterizing 
near-full- and full-length (DQB and DQA, respectively) 
MHC class n gene sequences in a marine mammal 
species. These genes were selected because trans-species 
conservation of class II MHC sequences has been shown 
in other mammals (Bontrop et al. 1999; Erlich and 
Gyllensten 1991; Fan 1989; Gustafsson et al. 1990; 
Kupfermann et al. 1992; Slierendregt et al. 1992; Yaeger 
and Hughes 1999). While there is limited information 
regarding the MHC of species closely related to the 
California sea lion (order/suborder Camivora/Caniformia/ 
Pinnipedia) (McKenna and Bell 1997), the class II 
MHC genes of a related terrestrial carnivore, the domes- 
tic dog (order/suborder Camivora/Caniformia/Canidae); 
Schreiber et al. 1998), have been extensively studied 
(Polvi et al. 1997; Sarmiento et al. 1992, 1993; Wagner 
et al. 1996, 1998, 1999). These studies show that the 
canine DQA and DQB gene products are polymorphic, 
and may be important in generating peptide-binding 
diversity. In this study, a comparative analysis between 
California sea lion class II MHC genes and their counter- 
parts in other marine and terrestrial mammals is de- 
scribed. The information gained from this study will be 
useful in designing fiiture studies to examine California 
sea lion MHC immunogenetics at a population level. 

Materials and methods 

Animals and sample preparation 

Caudal gluteal venous blood samples from two California sea lions 
(Zalophus califomianus) in rehabilitation at a rescue facility on the 
central California coast (The Marine Mammal Center, Sausalito, 
Calif.) were collected into cell separation tubes (Vacutainer CPT, 
Becton Dickinson, Franklin, N.J.), and used for rapid isolation of 
peripheral blood mononuclear cells (PBMCs). These cells were 
cryopreserved in liquid nitrogen pending RNA isolation. Total cel- 
lular RNA was isolated by silica-based gel membranes combined 
with microspin technology (RNeasy; Qiagen, Valencia, Calif). The 
isolated RNA was stored at -70 °C prior to RACE (rapid amplifi- 
cation of cDNA ends) cDNA synthesis. 

RACE library construction 

To facilitate the amplification of fiill-length gene transcripts, a 
cDNA population was constructed using SMART RACE cDNA 
amplification kits (Clontech, Palo Alto, Calif.) according to manu- 
facturer's specifications. In brief, RNA fix)m both aiumals was 
pooled into a single sample and used as a template for cDNA syn- 
thesis. Adaptor-like sequences were added to either the 5' or 3' 
end of cDNA fragments using RACE cDNA synthesis primers (5'- 
or 3'-CDS; Clontech) in two separate reactions. These modified 
cDNAs were generated from the pooled total cellular RNA by 
MMLV reverse transcriptase-driven first strand synthesis using 
lock-docking oligo(dT) primers and the SMART II oligo. The re- 
sulting 5'- and 3'-modified cDNA firagments were used as tem- 
plates for subsequent PCR and RACE PCR reactions. 

Primer design and RACE PCR amplification 

Degenerate oligonucleotide primers recognizing conserved re- 
gions of each of two MHC class 11 genes, DQA and DQB, were 
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Table 1 MHC class Il-specific primers 

Name Primer sequence Specificity Amplicon 

DQA-U164 CATGAATTYGATGGMGATGARG Mammalian Dg^ 
DQA-L413 ARATGAGGGTGTTGGGCTG Mammaiiasi DQA 
DQB-U172 CYGAGGGCAGAGACTCKCC MammaUan£)e5 
DQB-L769 CTCTGGGMAGATTCAGACTG Mammalian DQB 
ZcDQAU72 CTTCAGAAACTGCACTTGAGAAGAG Sealion DQA 
DQA3'UTR GAGGAGCGTTGGAAGAGAGAAGG Mammalian/Jg^ 
ZcDQBUEXlD TGTTCCCAATGATGCCTGGGAAQ Sea lion Dg^ 
DQB3'UTR GAGAACCAATAATCATGTTTAATTATG Mammalian £)g5 
ZcDQAU83 CTGACCACTTTGCTTCCTATGGC Sea lion £)g4 
ZcDQALGC CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCG        SeaUon DQA 

CTCACCTCAGGAACCTCATTGGTAGC 
ZcDQBU96GC CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCG        Sea lion Dgfl 

CCAGAGACTCTCCACAGGATTTCG 
ZcDQBL358 CTCGCCGCTGCAAGATCGTTCT Sealion DQB 

249 bp: 3' exon 1 to 5' exon 3 

597 bp: 3' exon 1 to 5' exon 4 

896 bp: 5' exon 1 to 3'UTR 

1164bp:5'UTRto3'UTR 

264 bp: 5' exon 2 to 5' exon 3 

284 bp: 3' exon 1 to 3' exon 2 

designed, based on nucleotide sequence alignments of equine, bo- 
vine, porcine, canine, and human RNA-derived MHC class 11 gene 
sequences (Table 1). To control for the inadvertent amplification 
of genomic DNA sequences, primers firom different exons were 
paired. These primers were used to amplify short segments of sea 
lion DQA and DQB gene transcripts, from which sea lion DQA- 
and ZJgjS-specific oligonucleotides could be designed. 

PCR amplifications using these degenerate class 11 primers 
were performed on 20 ng of each RACE cDNA library in SO-jil 
volumes containing 20-60 pmol of each primer (either DQA- 
U164 and DQA-L413, or DQB-U172 and DQB-L769), 40 mM 
Tris-KOH (pH 8.3), 15 mM KOAc, 3.5 mM Mg(0Ac)2 
3.75 ng/ml bovine serum albumin, 0.005% Tween-20, 0.005% 
Nonidet-P40, 200nM each dNTP, and 5 units of Advantage 2 Tag 
polymerase (Clontech, Palo Alto, Calif). For 5' gene transcript 
amplifications, the reactions contained 20 pmol of either DQA- 
L413 (for DQA gene products) or DQB-L769 (for DQB gene 
products), along with 1-5 pmol of the universal primer mix (UPM, 
SMART RACE cDNA amplification kit; Clontech). For 3' gene 
transcript amplifications, the reactions contained 20 pmol of either 
DQA-U164 (for DQA gene products) or DQB-U172 (for DQB 
gene products), along with 1-5 pmol of the universal primer mix 
(SMART RACE cDNA amplification kit; Clontech). The PCR 
was performed on an MJ Research PTC-200 thermal cycler (MJ 
Research, Watertown, Mass.). To optimize reaction specificity a 
touchdown method was employed, starting with 5 cycles of 94 °C 
for 30 s, 68 "C for 30 s, and 72 °C for 3 min, followed by 5 cycles 
of 94 °C for 30 s, 64 °C for 30 s, and 72 °C for 3 min, followed by 
35 cycles of 94 "C for 30 s, 60 °C for 30 s, and 72 °C for 3 min, 
and ending with an extension step of 72 °C for 10 min. The prod- 
ucts of these reactions were electrophoresed on 1.5% agarose gels 
and visualized by ethidiiun bromide staining. Bands representing 
PCR products within the expected size range were excised from 
the gel, extracted and purified using a commercially available nu- 
cleic-acid-binding resin (Qiaex 11 Gel extraction kit; Qiagen). 
These isolated RACE fragments were then ligated into a T/A-type 
cloning vector (pGEM-T Easy vector systems; Promega, Madison, 
Wis.). Following transformation, growth, and blue-white selection 
in competent cells (SE DH5a competent cells; Life Technologies, 
Rockville, Md.), the DNA from positive clones was isolated. The 
nucleotide sequences of both strands were determined by dideoxy 
nucleotide methodology using an automated sequencer (Model 
373; Applied Biosystems, Foster City, Calif). The nucleotide se- 
quences of these ampUcons were compared using the Align and 
Contig sequence alignment software programs (Vector NTI; Infor- 
max. North Bethesda, Md.). For each of the DQA and DQB gene 
products, regions of sequence homology were identified and used 
to design sea lion MHC-specific oligonucleotides (Table 1), which 
were used to amplify near-full-length sequences in ensuing reac- 
tions. 

These near-full- and full-length DQB and DQA gene tran- 
scripts were amplified from the pooled PBMC RNA-derived 

cDNA fragments. With the exception of the oligonucleotide com- 
position and concentrations, the PCR conditions for these reac- 
tions were identical to those described above. Amplification reac- 
tions contained 20 pmol of both ZcDQAU72 and DQA 3'UTR (for 
DQA gene products) or ZcDQBUEXlD and DQB 3'UTR (for 
DQB gene products). Reaction specificity was optimized using a 
touchdown method that started with 5 cycles of 94 °C for 5 s, and 
72 °C for 3 min, followed by 5 cycles of 94 °C for 5 s, 70 °C for 
10 s, and 72 °C for 3 min, followed by 25 cycles of 94 °C for 5 s, 
68 °C for 10 s, and 72 °C for 3 min. The products of these reac- 
tions were electrophoresed on 1.5% agarose gels and visualized by 
ethidixim bromide staining. Bands representing PCR products of 
the predicted size were excised, extracted, cloned and sequenced 
using the procedures described above. 

Analysis of RACE product sequences 

The nucleotide sequences of the RACE products were analyzed 
using the Align and Contig sequence alignment software programs 
(Vector NTI; Informax) and compared to known sequences using 
the NCBl BLAST program (Altschul et al. 1990), and the IMGT/ 
HLA database (Robinson et al. 2001). Non-synonymous and syn- 
onymous nucleotide substitution rates were calculated by the 
method of Nei and Gojobori (1986). 

DGGE-based DQ-genotyping of 19 additional sea lions 

An adapted denaturing gradient gel electrophoresis (DGGE) 
(Aldridge et al. 1998) was used to examine the degree ofZaca-DQ 
nucleotide variation between individuals ftom different geographi- 
cal locations. Peripheral blood leukocytes were isolated by whole 
blood lysis of samples collected from wild-caught sea lions in the 
Sea of Cortez, Baja, Mexico (n=9), and from San Miguel Island, 
California, USA (n=10). The isolated leukocytes were stored in 
RNAlater (Ambion, Austin, Tex.) pending RNA isolation. Total 
cellular RNA was isolated by silica-based gel membranes com- 
bined with microspin technology (RNeasy, Qiagen, Valencia, Ca- 
lif.), and stored at -70 °C prior to cDNA synthesis. A standard 
cDNA synthesis was performed on 2 fig of RNA template from 
each animal. Reaction conditions included 4 units reverse tran- 
scriptase (Omniscript; Qiagen, Valencia, Calif), 1 i^M random 
hexamers, 0.5 mM each dNTP, and 10 units RNase inhibitor, in 
RT buffer (Qiagen). Reactions were incubated for 60 min at 37 °C, 
followed by an enzyme inactivation step of 5 min at 93 °C and 
stored at -20 °C until further analysis. 

New primer pairs recognizing the flanking regions of the puta- 
tive peptide-binding site were designed to amplify a 264-bp frag- 
ment of Zaca-DQA exon 2 (ZcDQAU83 and ZcDQALGC, 
Table 1) and a 284-bp fiagment of Zaca-DQB exons 1 and 2 
(DQBU96GC and ZcDQBL358, Table 1). To enhance the sensitiv- 
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***************^ 

•        1 exon 1 *      20       *      40       *      60       *       80 -!• exon 2 
Zaca - DQA* 01  *•»»••♦•«•••• • • AATGACCCTAAACAGAGTTCTGATTCTGGGGACTCTTACCCTGACCACa3TGATGAGCCCCTCTGaTaGTGAAGACATTGTGGCT 
Zaca-DQA*02 
2aca-DQA*03 
Zaca-DQA*0-1 
Zaca-DOA*0S  •*•»»*»***•« 
MileDQAMLU 
MianDOAMAU 
LeweDQALWU 
HyleDQAHLU 
ArfoDQAJlFU 
Ca£aDQAY07 
CafaDQAy07 
HLADQAXM_0 
HLADQA0060 
BotaDQAYO? 

**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************** T A--C C-G G-C--CG TG G A  
*****«.*«*.«**•* T A--C C-G G-C--CG-T G A  
CCACCTTGAGAAGAGG---Gr---G CC T G-C--CG  A-- T GA    

•       100 *       120 *       140 *       160 *       180 
Zaca-DQA*01  GACCaCTTTGCTTCCrATGGCGTAAATGTCTACC^GTCTTATGGTCCCTCTGGCCAGTACaiCCCATGAATTTGATGGAGATGAGGAGTTCTACGTGGACC 
Zaca-DQA*02      -C  -  G  -   
Zaca-DQA*03            
Zaca-DQA*04      -      
Zaca-DQA*05 
MileDQAMLU 
MianDQAMAU 
LeweDQALWU 
HyleDQAHLU 
ArfoDQAAFU 
CafaDQAYOT 
CafaDQAYOT 
HLADQAXM_0 
HLADQA0060 
BotaDQAY07 

*************************************** 
*************************************** 
*************************************** 

********************************************************** 
**•*»«•*♦**•*«*♦********•******•****************♦****•♦*** 
********************************************************** 
**************************************************************************************************** 
***************•*****+********************♦******************** 
****************** /^ Q . C- 

***************** **** 

********** *****- 

-G C--T-G T CT-G- 
-A GCA A---GCA--- 

---T---C- 
-CA-A   T-C--T  

Zaca-DQA*01 
Zaca-DQA*02 
Zaca-D0A*03 
Zaca-DQA*04 
Zaca-DQA»05 
MileDQAMLU 
MianDOAMAU 
LeweDQALWU 
HyleDQAHLU 
ArfoDQAAFU 
CafaDQAYOT 
CafaDQAYOT 
KLADQAXH_0 
HLADQA0060 
BotaDQAYOT 

*       200        *       220 *       240 *       260 *       280 
TGGAGAAGAAGGAAACTGTCTGGCAGCTGCCTGTGTrrCAAACATTTACCAGTTTTGACCCACAGGGCGCACTGAGAAACTTGGCTGTAGGAAAACTCAC 

************************************************************************************** 
************************************************************************************** 
************************************************************************************** 
************************************************************************************** 
***********! 

********** 
********** 
********** 
********** 

************************************************************************************ 
 G AGC A T   A--AT AA-A 
  G AGC - -GA T A- -AT AA-A 
 C-- -A--G --T A AGC-A TA G---A-T  TA G A- -- 
 G a c G-TG A CAGC-A GGAG G T A-- G-C A--A 
 A G---G GT AGT-A G-A-C  -T T--G A-A---ACGACO--G-A--A 

Zaca-OQA*01 
Zaca-DQA*02 
Zaca-DQA*03 
Zaca-DQA*04 
Zaca-DQA*05 
MileDQAMLU 
MianDOAMAU 
LeweDQALWU 
HyleDQAHLU 
ArfoDQAAFU 
CafaDQAYOT 
CafaDQAYOT 
HLADOAX»_0 
HLADOA0060 
BcJtaDQAYOT 

* 300 * 320 *  4-  exon  3 * 360 * 380 
CTTGAACGTCCIGACrAAACGGTCCAACTCCACCGCTGCTACCAATGAGGTTCCTGAGGTGACTGTGTTTCTGAAGTCTCCTGCGATGCTGGGTCAGCCC 

**********«********•*•**************•**********- 
********♦**************************************_ 

***********************************************- 
****************«***•******«*******************_ 
***********************************************^ 
- -A A CAA--T  
 A A CAA--T  
 G-AT--A---TG-G--A T C  
 A--A---T C-A T   

-C--A- 
-C--A- 

-TCC  
-TCC  
-TCC T- 
-TCC  

---T  
 T  
---T--C  
-C-T--CA  

TC--G-GA--G---T-C--A T--T-  CA  --TCC C-T  

Fig. 1 Nucleotide sequence identity between CSL class II MHC 
clones (Zaca-DQA), human, canine, and other marine mammal 
DQA sequences. Abbreviations for individual species MHC mole- 
cules are as follows: Zaca California sea lion (Zalophus califomi- 
amis); Arfo New Zealand Fur seal (Arctocephalus forsteri); Hyle 
Leopard seal {Hydrurga leptonyx); Lewe Weddell seal {Leptony- 
chotes weddelU); Mian Northern Elephant seal (Mirounga angus- 
tirostris); Mile Southern Elephant seal (Mirounga leonina); Phvi 
Pacific harbor seal (Phoca vitulina); Mosc Hawaiian monk seal 
{Monachus schauinslandi); Cafa domestic dog {Canis familiaris); 
HLA human lymphocyte antigen; Bota domestic cow {Bos taurus). 
The MHC species label includes GenBank or IMGT accession 

numbers. The complete nucleotide sequence of Zaca-DQA*01 is 
shovra. Single letters and dots below the nucleotide sequence re- 
present nucleotides that are, respectively, distinct from or identical 
to 2kica-DQA*01. Asterisks indicate missing sequences. Borders 
of each domain were assigned based upon sequence homology be- 
tween Zaca-DQA*01 and HLA0060] (IMGT/HLA Database) 
(Robinson et al. 2001). The allelic numbers for the California sea 
lion sequences were assigned according to multispecies guidelines 
(Klein et al. 1990), with the assumption of a single DQA lineage 
based upon the close sequence homology between individual 
clones. Stop codon is italicized and marked with an arrow (T) 
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• 400                      *                 420                      *                 440                      *                 4S0                      *                 480 

Zaca-DOA'Ol AACACCCTCATCTGTTTrOTCOAOVACATCrn'CCTCCTGTGATCRATGTCACATGaTTGAAGRATaAGCACTCAGTCyiCA^ 

Zaca-DQA»02       --     " 
Zaoa-DQA*03      -   -   ---   "" 
Zaca-Di3A*04    —        
Zaca-DQA*OS   --- -   ""  
MileDQAHl'J   -- - C---   <'  *  * 
MianDQAMA'J     -  C  G A A 
LeweDQALWU    -   --- G---T  A 
HyleDQflJttU           -  ^-'5 A-- '• 
ArfoDQAAFU    -     -- - ■       '^ 
CafaDQAYOT   --  C-C--G-    G G C--G ---G-- A 
CafaDQAYO?    C-C--G    -  G   G  A 
H1ADQAXM_0     C G G CA C---C---GC---GG  ---G---A 
HUUXJAOOSD    T---C G--  G CA C---GC---GG---G   G---A 
BotaDQAYO?    T CA---G -C CA  G GO G e--A --G---A 

• 500        *      520        •      540        *      560        *      580 
Zaca-DQA*01 GCTlTCTCGCCAAGAGGGATCATTCCTTCTTAAAGTTCAGITACCTCACCrTCCTCCCCTCTGCTGATGATATTrATGACTGCAAaGTGGAGCACT^^ 

Zaca-DQA'02   -       '  
Zaca-DQA*03   --- ---     -  
Zaca-DQA»34        
Zaca-DQA*D5           
MileDQAHLU   ---C-- --  A T  ....................... 
MianDQAMAU  -—C  - - -A  --T  ....................... 
LeweDQALWU  ----C  - A T   ....*.*......,......... 
HyleDQAHLU   C  --A   T   .....*.......»......... 
ArfoDQAAFU    --  A - -   _...,...,............... 
CafaDQAYO?    C--T AC  --C A A--T G A ---  
CafaDQAYO?    CT AG C A   A--T G  A  
HLBDQAXM_0    C---T T  -C---A   T G--- --   
RLADQA0060    C---T T  C---A -  T G - -- --- 
BotaDQAY07   -T AT T T T--TC-C A A T  T A CG A  

• 600        *   i  exon 4      *      640        *      660        *      680 
Zaca-DQA*C1 CCTGGA-IX»GCCAClTCTGAAACACTGGGAACCTGAGATTCCAACCCCrrATGTCAGAGCTGflCAGAGACrrGTGGTCrlGTGCCCTGGGGTT^ 

Zaca-DQA*C2  -   
Zaca-DQA*C3    
Zaca-DQA*C4    
Zaca-D0A*C5        
MilcDQAMLU .*..*.**♦♦*.*..***♦.***..«♦***.*..♦♦..**»**♦*..*..*******.****.*«**********♦*******♦**************** 
MianDQAMAU .**....*♦.**.♦♦*.*...*..♦..♦**.♦..***...*.*****..*...♦***♦*****.**♦*************♦*****************♦* 
LeweDOALKU ***.*.*•.*♦**♦***.**...*.*.********.**..*****.**.**.♦*.******♦*.**..*.*.*.*.************************ 
HvicDOAHLU ..*****....**..*..*»«♦.*.....*.***.*.*..**.....**♦.***»******.*****..**..**..**********•************ 
ArfoDQAAFU *****.***.*.......*.**.*.*...*«..**....*#.*..*..«...*•*•***♦..*.******•**********************•*•**** 
CafaDQAY07    - ■ .#♦*..*♦*.***.*.*.***.*.*»*...*..*.***..***.*...**.*.*.**********.***...*.* 
CafaDQAYO?    „_*.♦»*..*....»*..***....**......«.......**.*.....*.****.*..*..*..*..«******. 
HLADQAXM_a         C T  G G   C T C  T -- 
HLA1XJA0060         CC T  G  G  C---  C  T  
BotaDQAYOV   T  G T G     C  

• 700         *       720         •       740         *       760     f   *       780 
Zaca -DQA* 01 CTTGTGGGCATCGTGGTGGGCACTGTCTICATTATCCAAGGCCTGCACTCAGGTGGTGCTTCCAGACATCAAGGGCCTTTGTGAGCCACACCCTAGAAAA 
Zaca-DQA*02    *- ■ 
Zaca -DQA*03        -   
Zaca-DQA«04       -     --    A  
Zaca-DQA*05      
MileDQAMLU *********...*.*.*.*.*.***.**.*..***.**.*.****...****..***************.*********.**♦♦*****•*•******** 
MianDQAMAU ***************»*..•*.*»**.*»•*#**.*...*.**.**.«****.......*...«.**.*.*******.**..***..*****«**♦**** 
Xi£weDQALWtj .****.**...*...*».....*.*...*.*..**.**»•.....*.*.*******...**.*...♦**.*•***.***••********..********* 
HyleDQAHLU ****.***.***«...***«**.***...**..**.«***..**...**...**..**♦*«****«..*.*******.**..*...*.*..******.•* 
ArfoDQAAFU .*...#.**..**..•*....«*.*..*.*.*.*..****..**.****...***.***......**.*.*************•*****.**.******* 
CafaDQAYO7 *..*..*............*.*..****.*..........*...*.*..*.................*.**..*..*.**..***.......**.***** 
CafaDQAYO/ *.**..**«*****.***.***........«.***«**.*.***.*..**..************....**.*.*************************** 
HLADQAXH_0   --CA --T   C  GT T  C TC--A---* *•♦*»*•******** 
HLADQAOOSO   --C T C-- - -GT T   C A ..».«...»»...... 
BotaDQAY07   --C A CA--C C T G CC-C-- C--G G-- T T-C GO 

Fig. 1 (continued) 

ity of the DGGE analysis, a GC-clamp was added to one of each 
primer pair as previously described (Sheffield et al. 1989). The 
optimal conditions for Zaca-DQ examination (25%-60% urea/ 
foimamide gradient in 12% acrylamide, IxTris/acetic acid/EDTA 
buffer, at 300 V and 60 "C for 3.5 h) were determined using per- 
pendicular DGGE and a time-series analysis (Knapp et al, 1997). 
These conditions were used in parallel denaturing gels to compare 
the separation of Zaca-DQ sequences between individuals. The 
gel was visualized by staining with GelStar nucleic acid stain 
(BMA products, Rockland, Me.) according to manufacturer's 
specifications. The bands representing individual Zaca-DQ se- 
quences were excised from the gels, re-amplified, and the nucleo- 
tide sequence determined as previously described (Knapp et al. 
1997; Aldridgeetal. 1998). 

Results 

Characterization of CSL DQA and DQB cDNA clones 

Clones containing near-full- and full-length Zaca 
(Zalophus califomianus) MHC class Il-like sequences 
were obtained from the RACE cDNA products of two 
randomly selected California sea lions. The nucleotide 
and deduced amino acid sequence of the 896-bp (DQA- 
primer derived) and the 1164-bp {DQB primer derived) 
products were typical of transcripts bom mammalian 
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• 800 • 820 » 840 * 860 « 880 
Zaca-DQA*01 GGAGGTGCaCCGCATGCCCACCGACCAGAGCAGAAGAGTGGACrTGATAGGTGACCTAGCACTGTTTCCTGGCCGAGTTTATCATAlT'CCTTCTCTCTTC 
?:aca-nQA«05             
Zaca-DQA»03               
Zaca-DQA*04     --- -       --   
Zaca-D0A*0S           C  
MileDQAMLU ************♦***************#*«***♦***»*******************»***♦***»***************♦#**♦#***»**♦**♦** 
MiauDQAMAU ***************♦**********************•************««•************«************#«****************««* 
LeweDQALWU *****«*•***************«*******♦*«•**«•*•••«**«* *«*,^**i»****«**«**«*«**«*«****«***«*»***#*«** #,*»*#*♦ 
HyleDQAJiLU **•*****••***•**♦************•*************************#•»****♦*******♦****•«•*»************♦**»»**« 
ArfoDQAAFU ****************************•***»»****♦************»»•♦****•**************»**»**#*♦«****»******♦##*♦ 
Cafat)QAy07 **************************************************************************************************** 
Ca rar)QAY07 ****************************************************** **************ii1,i,*****it**ii-l,***ir***ir*i,*tt*iti,itiiir* 
HLADQAXM_0 *******************************************************************************i,****A*i,*k*******ii*** 
HLiADOAOOSO **************************************************************************************************** 

BotaDQAYOT  AAG-TGCA-TGT-CAT-TTTGA--A ••♦•--A-A C---A A---A---T A---CC G-A C-- 

♦      900        *      920        • 
2aca-DQA*01 CAACGCTCCTC**************************** *********** 
Zaca-DQA*02   *************************************** 
Zaca-DQA*03   ^^*************************************** 
Zac&~DQA* Oi      *************************************** 
2aca-DQA*0S   *************************************** 
MileDQAMLU ************************************************** 
HianDQAMAU ************************************************** 
LeweDQALWU ************************************************** 
HyleDQAHLU ************************************************** 
ArfoDQAAFU ************************************************** 
CafaJX3AY07 ************************************************** 
CafaDQAYO? ************************************************** 
HLADQAXM 0 ************************************************** 
HIjADQAOOeO ************************************************** 

BotaDQAY07   -T- -C CTCATACTTCTCTGGGACTTAAGGTGCTGTATCATCTCA Fig. 1 (continued) 

class n genes. These transcripts were characterized as 
MhcZaca-DQA or MhcZaca-DQB based on alignments 
with hximan lymphocyte antigen (HLA), and canine lym- 
phocyte antigen (DLA), DQA and DQB sequences 
(Figs. 1 and 2). The full-length {DQA primer-amplified) 
sequences (Table 1) showed high homology with previ- 
ously described full-length human (87%), canine (88%) 
and bovine (79%) DQA sequences (Fig. 1). Similarly the 
near-full-length sequences amplified by the DQB prim- 
ers showed a high homology with human (89%), canine 
(92%), and bovine (79%) DQB sequences (Fig. 2). Fur- 
thermore, the DQB primer-derived sequences contained 
several £)j3-specific motifs, particularly within exon 3. 
In fact the nucleotides encoding amino acids 195, 198, 
and 200 (threonine, arginine, and aspartate, respectively) 
could be used to distinguish DQB from DRB products in 
several species (Fig. 2, Table 2). These £>g-specific mo- 
tifs were identified by alignments with multiple pub- 
lished IXLA-DQB and DRB sequences (Robinson et al. 
2001). Further evidence for the identity of the Zaca-DQ 
primer-amplified sequences was provided by the signifi- 
cantly lower homologies observed in comparison with 
published DRB and DRA sequences from canine (65% 
DRB, 53% DRA), and human (73% DRB, 55% DRA) 
genes (data not shown). 

The largest Zaca-DQA and DQB gene products en- 
coded deduced molecules of 255 and 265 amino acids 
(aa), respectively. All sequence-derived Zaca-DQa mol- 
ecules were full-length and consisted of a 28-aa leader 
sequence, an 82-aa al domain, a 94-aa a2 domain, and 
a 51-aa connecting peptide/transmembrane/cytoplasmic 
tail domain (Fig. 3). Three forms of potentially fimc- 
tional class II MHC molecules were identified in the 
Zaca-DQB sequences (Fig. 4). These included near- 

full-length molecules (265 aa), pi domain-deficient 
molecules (175 aa), and cytoplasmic domain-deficient 
molecules (257 aa). The near-fiiU length Zaca-DQP 
molecules consisted of a partial 32-aa leader sequence, 
a 90-aa pi domain, a 94-aa p2 domain, a 37-aa trans- 
membrane domain, and 8-aa and 4-aa cytoplasmic do- 
mains (Fig. 4). In addition, three Zaca-DQB sequences 
with features compatible with class II MHC pseudo- 
genes were identified (Figs. 2, 4). These sequences con- 
tained variable-length deletions (range, 88-420 nucleo- 
tides) involving exons 2-6 and, in one instance, extend- 
mg into the 3'UTR. These deletions created a fi-ame- 
shift and premature stop codon in each case. If these 

Fig. 2 Nucleotide sequence identity between CSL class II MHC 
clones, human, canine, and other marine mammal DQB sequences. 
Abbreviations for individual species MHC molecules are as follows; 
Zaca California sea lion (Zalophus califomianus); Mosc Hawaiian 
monk seal (Monachus schauinsJandi); Mile Soutliem Elephant seal 
(Mirounga leonina); Mian Northern Elephant seal {Mirounga angus- 
tirostris); Dele Beluga whale {Delphinapterus leucus); Momo Nar- 
whal (Monodon monocerus); Cafa domestic dog {Canis familiaris); 
Arfo New Zealand Fur seal {Arctocephalus forsten); HLA human 
lymphocyte antigen. The MHC species label includes GenBank or 
IMGT accession numbers. The complete nucleotide sequence of 
Zaca-DQB*01 is shown. Single letters and dots below the nucleo- 
tide sequence represent nucleotides that are, respectively, distinct 
from or identical to Zaca-DQB*01. Asterisks indicate missing se- 
quences. Boxes indicate codons used to distinguish DQB from DRB. 
Borders of each domain were assigned based upon sequence homol- 
ogy between Zaca-DQB*OI and XM_011391 (human DQB, Gen- 
Bank accession no. XM_011391). The allelic numbers for the Cali- 
fornia sea lion sequences were assigned according to multispecies 
guidelines (Klein et al. 1990), with the assumption of a single DQB 
lineage based upon the close sequence homology between individu- 
al clones. Stop codon is italicized and marked with an arrow (▼) 
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1 

• -40        *      -20        *         ■!■ exon 1 *       20        *       40 
Zaca-DQB*01 *•«»♦•••»••*••••••••♦••*•*•••♦•*«*•*•♦»******♦*»•♦••*«*****«******»**ATGGCTCTGCOGATCCCCAGAGQCCTCTGGA 
2aca-DQB*02  *********************************************************************  
Zaca-DQB*03  *********************************************************************  
Zaca-DQB*04  *********************************************************************  
ZaciJ-DQB*OS     *********************************************************************  
Zaca-DCB*06    .*.****•••«•••****••••*••******•**•**•*****•******•****»••**•******** --    
Zaca-DQB*07    *********************************************************************  
Zaca-DOB*08     *********************************************************************  
Zaca-DOB*09    *********************************************************************  
2af»a_T3QP*10        *********************************************************************  
2aca-DQB*ll     *********************************************************************  
MileDQBAPl **************************************************************************************************** 
MianDQBAPl **************************************************************************************************** 
MoacDQBAYO **************************************************************************************************** 
MomoUQBU16 **************************************************************************************************** 
ArfoDQBAPl **************************************************************************************************** 
CafaDQBMSO **************************************************************************************************** 
CafaDQBAPO       **•*•***••»•*♦•***»**••*•*****•••♦»*••»•***••* »***»******ATGTCTGGGflAG A T-C C T  
HIJVDQBXH_0       * * *CAGATCCATCAGGTCCGAGCTGTGTTGACTACCACTTTTCCCTTCGTCTCAATrATGTCTTGGAAA-A T G TC--G 
HLADQBXM_0        CAGATCCATCflGGTCCAflOCTGTGTTGACTACCACTACTTTTCCCTTCGTCTCAATTATGTCTTGGAAfl-A T TG TC- -O 

* 60                      *                   80                      *                 100                     I exon 2                             *                 140 
Zaca -DQB* 01 CAGCAGCTGAAATGATGATCCrGGTGGTGCTGAGCaTCCCAGTGGCTGAGGGCyvGAGACTCrCCACAGGATTTCGTGTTCCaGTTTAAGGGCGAGTGCT^ 
Zaca-DQB*02       
7.aL-a-r)0B*03        -      G    
Zaca-DQB*04         -  G       
Zaca-DQB*05     -   ---         
Zaca-DQB*06             ---  "  "  
Zaca-DQB*07       
Zaca-DQB*08        
2aca-DQB*09      
Zaca-DQB*10      -• 
Zaca-DQB*11      -    
MileDQBAFl ********************************************************************************************C- 

******************************************************************************************C~ 
MoscDQBAyO   ******************************************************************************************** TC- 
MotnoDQBUie ****»*****.*•**, 

_*******»»********»*****»*•** 
_**************************** 

MianDQBAFl 
MoscDQEA^O 
MotnoDQBUie 
ArfoDQBAFl 

***********************♦»***************»**************************************- 
******************************************************************************** 
******************************************************************************** 

******************************************************************************** 
********************************************************  

CafaDQBM90 ********************************************************************************************  

CafaDQBAFO   TG       A C  
HLADOBXM_0  A---TG-CCT G---TC-A C    CG  A  AT  
HUiDC)BXM_0 T A TG-CCT G C-A C G CG AT  

* 160        *      180        *      200        *      220        *      240 
Zaca -DQB* 01 CTTCACCAACGOQACGGAGCQGCTGCGGTCCCTQACCAGATACATCTATAACCGOGAGOAGTACGTGCGCTTCGftCAGCGACGTGGGGGflGTACCGGCCG 

Zaca-DQB»02     - - - - -  
Zaca-DQB*03    CA-- C    -   -- 
Zaca-DQB*34   -     
Zaca-DQB*05   
Zaca-DQB*06    
Zaca-r>QB«07  **•»*, 
Zaca-DQB*08 ***•«•**•*•***. 
Zaca-D<}B*09 «*•**.*•*.***♦. 
Zaca-DQB*10  •  
Zaca -DQB* 11  ■  
MileDQBAFl  GT--   --     
MianDQBA?!  -  CT A   -T  
MoscDQBAYO T-ATT    -CT G CA Q G   T  
MomoDQBUlS .*****.*..*.c--- CT-G---G     - C--- G-- 
ArfoDQBAFL    CA A  
CafaDOBMSO T  CTT T-A   T   T G-- 
CafaDQBAJO T-   -CTT T-A - -- T    T G-- 
H1JADQBXM_0  A C TCTTG---G AQ A--A AT T G-- 
HLAUQBXH_0  C C GGTG  - A  C - T---T---G-- 

* 260         *       280         *       300         «       320         •       340 
Zaca-DQB*01 GTGACGGAGCTGGGGCGGCCGGACGCTGAGTACTGGAACAGCCAGAAGGACATCCTGGAGCGGACGCGGGCCGAGGCGGACACGGTGTGCAGACACAACT 
Zaca-DQB*02         
2aca-DQB*03   
Zaca-DQB*04   
Zaca-DQB* 05       
Zaca-DQB*06   
Zaca-DQB*07       -   
2aca-D0B*08 **************************************************************************************************** 
2acd-DQB*09 **************************************************************************************************** 

Zaca-DQB*10 
Zaca-DQB*11   T    
MileDQBAFl  CT ******************************************************************* 
MianDQBAFl  CTT ******************************************************************* 
MoscDQBAYO  CAC " ******************************************************************* 
MomoDQBmS  C -—C G-AC---C   --A CT- ******.**«»****» 
ArfoDQBAFl    ■ ------. ******************************************************************* 

CafaDQBM90 --C-- - C-- C C-A -GAGA C---GTA  CT-     
CafaDQBAFO --C- C- C  C-A GAGA C---GTA CT - -   
HLADQBXM_0      ■  CT _..T---T-C C  --A AA G-C--T G  
HLADQBXM 0  CC  TT C T   GA-GAC GTC--T- C--A  

Fig. 2 Legend see page 337 
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Zaca-DQB*01 
Zaca-DQB*02 
Zaca-DQB*03 
Zaca- DQB*04 
Zaca DQB*OS 
Zaca-D0B*06 
2aca-DCB*07 
Zaca-DCB*08 
Zaca-DCB*09 
Zaca-D0B*10 
Zaca-DQB*11 
HileDQBAPl 
MianDQBAPl 
MoscDQBAyO 
HomoDQBUie 
ArfoDQBAPX 
CafaBQBM90 
CafaDQBAFO 
HL7iDQBXM_0 
HLAriOBXM_0 

Zaca-DQB*01 
Zaca-DQB*02 
Zaca-DQB*03 
Zaca-DQB»04 
Zaca-DQB*05 
Zaca-DOB*06 
Zaca-DQB*07 
Zaca-DQB'OO 
Zaca-DQB'09 
Zaca-DQB»10 
Zaca-DQ3*X1 
MileDQBAPl 
MianDQBAFl 
MoscDQBAYO 
MomoOQBUlS 
AJTfoDQBAFl 
Ca£aDQBM90 
CafaDQBAFO 
HLRDQBXM_0 
HLADOBXM 0 

t 360 * 4 exon 3     » 400 • 420 * 440 
ATGGGATTGAGGffiGAGRACGATCTTGCaG(XGCGAGTGGAACCTACACTGACCATCTCCCCGTCCAGGACAGAGGTTCTGAACCACCaCAACCT^ 

************************************ ************************ **»•**»*******♦***•**• 

**************************************************************************************************** 
**************************************************************************************************** 
**•*«***•*******•**********•***«>******«*********************************♦*************************** 
**************************************************************************************************** 
**************************************************************************************************** 
-C GG--A---CTC--C-CG G  --T A   --T  
-C GG--A---CTC--C-CG - --G  
-CCA-T-G CTCC-C C-  G--C  
-CCA-T-G---CTCC-C C G--C  

-T A- 
 A  
 A  

-CC--C- 
-CC--C- 

*      460        *      480        »      500        *      520        *      540 
CTGCTCAGTGACAGATTTCTACCCAGGCCAGATCAAAGTTCGGTGGTTTCGGAATGACCAGGAGGAGAGAGCTGGTGTCGTGTCCACTCCACTTATTAGG 

********************************************* 
********************************************* 
********************************************* 
********************************************* 
********************************************* 

****************************************************** 
****************************************************** 
*************************************** 
*************************************** 
*************************************** 

************ 
************ 
************ 

-TG- 
-T  
-T C- 
-T C- 

-C---C -- 
 C C--T- 
 C-A C--T- 

-C--C- 
-C--C- 

Zaca-DQB»01 
Zaca-DQB*02 
Za<:a-nOB'03 
Zaca-DQB*04 
Zaca-DC3B*05 
Zaca-DQB*06 
Zaca-DOB*07 
Zaca-D3B*08 
Zaca-DOB*09 
Zaca-DQB*10 
Zaca-DQB*11 
MileDOBAFl 
MianDOBAFa 
MoscDQBAYO 
MomoDQBUlS 
ArfoDQBAFl 
CafaD<3BM90 
CafaDQBAFO 
HLADQBXM_0 
HLADQSXM 0 

Zaca-DQB*01 
Zaca-DQB*02 
Zaca-DQB*03 
Zaca-1DQB*04 
Zaca-DOB*05 
Zaca-CQB'OS 
Zaca-EQB*07 
Zaca-EOB«08 
Zaca-DQB*09 
Zaca-DOB*10 
Zaca-D0B*11 
MileDQBAFl 
MianDQBAFl 
MoscDQBAyO 
MomoDQBOlS 
ArfoDOBAFl 
CafanQ3M90 
CafaDQBAPO 
HIiADQBXM_0 
HLADQBXH_0 

*                  560                        *                   5B0 
AATGGGGACTGGACCTTCCAGATCCTGGTGATGCTGGAAATT ftCT 

* 
XCCA \CG1 

600 
GGA 3AT 

*                   620                        *                  640 
rrCTACACCTGCCATGTGGAGCACCCCAGCCTCCAGGGCC 

.-..         .   -                --A  
       _              _     A  

****************************************** 

ft** 
*** 
k** 

*** 

r**** 

■**•* 

'**** 
■**** 

■**i 

r**. 

r**: 

*** 

*** 

*** 

*** 
*** 

*************************************** 

,  C A  ,  Q  AA_ 

» 660  i exon  4* 680 * 700 * 720 • 740 
CCaTCACGGTGGAGWXKGGGCACAGTCTGAATCTCCCCAGAGCAAGATGCTGAGTGGCATCGGAGGCTTTGTGCTGGGGCTGATCTTCCTCGGGCTGGG 
 A-     -   
 A           
 A      C  
 A-    --'        **************************************************************************************************** 
 A C    -    
 A  ---      
 A  -       
 A - - - -     
 A     -   **************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
 A C C  -  T--T C T T** 
 A C C     T--T C  T T-- 
 C C T--A     T C    
 TC C T  T C    

Fig. 2 (continued) 
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» 760 *    4- cxon 5 * -t exon 6      y ♦ 820 « 840 

Zaca-DQB'Ol CCTTArCATCCGCCACA<MAGCCAC3AAACX3flCCrCGTG<MTCTCTGCCAGCAGGGCTCCTC-CACreACC-CCTGAGGGTAC««»«*CTGGC»T^ 

2aca-DQB*02  -- T C  ■ -----       -   — 
2aca-DQB*03  T   
Zaca-DQB*04  --T---   ■ 
Zaca-DQB«05  T      
zaca-DQB*06 ••«•♦»••♦»•■•••»•«♦*•••««•«••«•*«»«*••«♦•*•♦•«***•' 
Zaca-DQB*07 - T  ---- -- -- --- - 
Zaca-DQB«08 -  T  -   ***** --•«.*••- 
„   „„„-„« ^ ,     ***** ******- 

Zaca-DQB*10   T - ....*...».*..•.•♦•••**•» -  ♦*•*• ***.*»- 
Zaca-DQB*1--  T   ♦..».»**...***.».»...*.. - *****-- .*..**- 

******•********************************************************************"********************** 
********************************************** 

******************************************* 

MileDQBAPl 
HianDQBAFl 
MoocDQEAYO 
MomoDQBUlS 
ArfoDQBAFl 
Ca£aDQBM90 

**************************************************** 
***************************************************************♦*********'*************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 

CafoDQBAPO    T--  -  r G      CA-G-   T A---*****-G- 
HLADQBXM_0    AT T ************************ T AC—TTTTAA- — GGTTAT- 
HLADQBXM 0    T AT-- T- ********************* T AC--TTTTAA GGTTAT- 

»      060        *      000        *      900        *      920        •      940 
Zaca-DC!B*01  OGCCGTCTGTAATGCCTGCCTGTCCTTGCCCAGAATTCCCAGCTGCCIC-AG**AGCCCATCCCCCACATGGATCCGAGCCCCACAGTGCCrCTGftTACAG 

Zaca-riOB*02     **--   "" "  
2aca-DOB*03   **  
Zaca-DQB*04   **  
Zaca-DQB*OS 
Zaca-DQB*06 
Zaca-DQB*07 
2aca-DQB*08 
Zaca-DQB*09 
Zaca-DQB*3 0 
Zaca-DQB*11 
MileDQBAPl 
MiaoDQBAFl 
MO3CDQBAY0 
MomoDQBUie 
ArfODQBAPl 
CafaDQBMSO 
CafaDQBAFO   -AT-C-T G--T-C-T C   C**--A-TG- ---A A---a--T---*--A. 

**************************************************************************** 

**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
***,*******************♦»*******•******♦♦******•**************************************************** 

************************ ************************************* 

mjiUOBXH  0       AClTr C T C  T---T-TC TG TG-** A---T--T 6--G-C-CG--- 
HLABQBXM_0       ACTTT -C T C T---T-TC TG TG-** A---T--T C--G-C-CG—- 

* 960 ♦ 980 * 1000 * 1020 * 1040 
Zaca-DQB'Ol TCACCAGGTGCCCTCCTGGGACCCCTGCCT***GGCGGATCTGACTGC*GATGCTGCTCCCTGCACTGGTTTCAGAGCCTCTGCTGTnAGCTCCTTGCrA 

Zaca-DQB*02      ***  -*  
Zaca-DQB*03      *** *      " 
Zaca-DQB*04       -G- ---***   *   
Zaca-D<3B*0S      ***-  *  - •" ""  
2aca-DQE*06  •***•*•*•***••*••*•***• •**  * --    
Zaca-DQB*07  -- - -  ***   *    -      
zaca-DOB*08  c T  *** *     --  
2aca-DQB*09  *** *   
2aca-DQB*lC     *** *    
Zaca-DQB*ii 
MileDQBAFl 
MiallDQBAFl 
KoscDQBAYO 
HomoDQBUie 
ArfoDQBAFl 
CafaDQBMSO 

************************************************************************************************ 
************************************************************************************************ 
************************************************************************************************ 
************************************************************************************************ 

r********************************************************** ********************************* 
**************************************************************************************************** 

CafaDQBAFO   .*.***»»**..**»*** T-**«**-***T-A GG--TT---T T T--AC* **•*•*•***♦* T C  
HLADQBXH_0  C CAT TTC-T---CA---TGA **-G---T*--CC--A--T  ACC*--C C*--T--A-G**--C- 
HIAnQBXM_0   C ---CAT TTC-T---CA---TGA **-n---T*--CC--A--T ACC*--C C*--T--A-G**--r- 

•      1060        •     1080        *     1100        *     1120        *     1140 
Zaca-DQB*01 GCAGCATCTCCTCCGrCCCCAAGGGCTTTTCC*GTTTCCATTCTrCCTCCTCAGATTGTGCAAGAGGAGCACACAGAAGCCCTTTAGCTGAATGTAGAGA 
Zaca-DQB*02 --   *       
Zaca-DQB*03  *      
Zaca-DQB*04     *      
Zaca-DQB*OS --  *    - -   
Zaca-DQB*06  *  
Zaca-DQB*07   * •  
Zaca-DQB*03   *   A  
Zaca-DQB*09     -•  - -   
Zaca-DQB*10    -  *  -   
Zaca-DQB*11 
MileDQBAFl 
MianDQBAFl 
MosoDQBAYO 
MomoDQBUie 

**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 
**************************************************************************************************** 

ArfoDQBAFl **************************************************************************************************** 
CafaDQBM90   **************************************************************************************************** 
CafaDQBAFO   *---G A---A-G A T T-A  A TT A C GA  
HLADQBXM_0   --T A---A-G ..g...<,-j, T  C--CT -A T«---AA--A---C C-T C 
HLADQBXM_0   --T- A---A-Q G---*-T* T **-- C--CT- A T*---AA--A---C C-T C 

Fig. 2 (continued) 
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*      1160        ♦      1180 
Zaca-DQB*01 TTTTATCATAATTAAACATGATTATTGGTTCTC* * • ♦ 
Zaca-DQB*02    •*•* 
Zaca-DQB*03   - -♦»»« 
Zaca-DQB*04  -   ***• 
Zaca-DQB*05     - •*** 
Zaca-DOB»06    .••»... 
Zaca-DQB«07    ♦*•* 
Zaca-DQB*08 -- - --  **** 
Zaca-DQB*09   -  **** 
Zaca-D<3B*10    **** 
Zaca-DQB*11   --- --.«»* 
MileDQBAFl ******•*#•*♦*********♦****«•********* 
MianDQBAFl **•*******•*»•*»**•#•**************** 
MoscDQBAYO ••»»♦»*******»*♦**♦•*♦******♦•***••*• 
MorooDQBUlS ♦•***•*«»♦*«•**••*••»*♦♦»««•♦•«•»••»• 
ArfODOBAFI ************************************* 
Caf aDOBM90 *•»***•««**♦***«***********••**•****** 
CafaDQBAFO   --TO GA TGTA 
HLADCBXM_0  T-ACAT-A-T--ACATGA-CC--AG-T****** 
HLAD<3BXM_0  T-ACAT-A-T--ACATGA-CC--AG-T»***»* 

Fig. 2 (continued) 

sequences were translated, the final length of the trun- 
cated protein molecules would range from 46 to 219 aa, 
and contain a non-MHC-like carboxy-terminal peptide 
domain. 

Variation between Zaca-DQA sequences 

To maximize the identification of all Zaca-DQA se- 
quences present in the two animals examined, multiple 
clones were sequenced. From these clones, five different 
Zaca-DQA sequences were found (Fig. 1). This sug- 
gested that the Dgi4-specific primers amplified products 
from at least two loci, if each sequence was considered a 
unique Zaca-DQA allele. None of the sequences exhibit- 
ed features compatible with pseudogenes. The homology 
between these sequences was extremely high, with each 
containing only one or two unique nucleotides. These 
sequences were confirmed by performing two to foiu- 
independent PCR reactions, by examining multiple 
clones, and by sequencing each clone in both directions, 
in compliance with HLA nomenclature rules (Bodmer et 
al. 1999). The deduced amino-acid sequences indicated 

that four out of five of these polymorphisms represented 
a non-synonymous nucleotide substitution (Table 3); the 
fifth substitution was in the 3'UTR (Fig. 3). Of the four 
polymorphic amino acid residues, two were found in the 
al domain, which encodes the putative MHC class II 
peptide-binding site (Brown et al. 1993; Stem et al. 
1994). The other polymorphic residues were in the 
leader peptide and transmembrane domain (1/4 each). 
Heterogeneity of Zaca-DQa amino acid sequences be- 
tween individuals was observed at residues -5, 13, 26, 
and 225 (Fig. 3). The relative positions of these poly- 
morphic residues were compared Avith those described in 
other species. Although none of these regions coincided 
with polymorphic residues in dogs (Polvi et al. 1997), 
two coincided with polymorphic regions in himians (res- 
idues 13 and 26) (Brown et al. 1993; Stem et al. 1994). 
Even though the published marine mammal MHC se- 
quences are limited in nxmiber and incomplete in length, 
a number of group-specific residue patterns were identi- 
fied by inter-species comparison. Zaca-DQa contained 
sea-lion-specific motifs at residues 138 and 150, and a 
possible otariid-specific motif at residue 127. Zaca-DQa 
amino acids matched other marine and terrestrial cami- 
vores at three positions (121, 125, and 141) and were 
conserved between available marine mammals at resi- 
dues 95, 99,110, and 143. 

Variation between Zaca-£)05 sequences 

Eleven different Zaca-DQB sequences were identified 
from the clones containing £)g5-specific primer ampli- 
fied mserts. These results suggested the amplification of 
products from at least three loci. Of these 11 sequences, 
eight had featiu^s compatible with functional class II 
transcripts in other species, and the following compari- 
sons were based on these sequences. The three remain- 
ing sequences had variable-length deletions, compatible 
with pseudogenes, as described above. As with Zaca- 
DQA, these sequences were confirmed by performing 

Table 2 Sequence identity of California sea lion (Zaca-DQB) class II MHC clones, with human (HLA-Z)g5, BLk-DRB) and canine 
(DhA-DQB and DLK-DRB) sequences at the nucleotides encoding amino acids 194-201 of the class lip genes 

Gene 194 195 196 197 198 199 200 201 

Putative Dg5-specific amino acid sequence _ THR _ _ ARG _ ASP — 
HLA-£)e51*00629» ATG ACT ccc CAG CGT GGA GAC GTC 
HLA-£)eS2*00638« ATG ACT ccc CAG CQT GGA GAT GTC 
HLA-£)eB3*00639» ATG ACT ccc CAG CGT GGA GAT GTC 
QLK-DQB^ ATG ACT ccc CAG CGA GGA GAT GTC 
A/AcZaca-£>ei8*01-*ll ATT ACT ccc CAG CGA GGA GAT GTC 
DhA-DRB<^ ATA GTT CCT CAG AGC GGA GAG GTC 
HLA-Z)AB1*00719> ACA GTT CCT CGG AGT GGA GAA GTT 
HLA-D/{fil*00724« ACA GTT CCT CGG AGT GGA GAG GTT 
HLA-£>J?S1*00749» ACA GTT CCT CGG AGT GGA GAA GTT 
Putative £)/J5-specific amino acid sequence - VAL - - SER - GLU - 

•IMGT/HLA numbers 
••Dog lymphocyte antigen (DLA) GenBank accession number 
AF043908 

' DLA GenBank accession number M29611 
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Fig. 3 Atnino-acid sequence identity between CSL class 11 MHC 
clones, human, canine, and other marine mammal DQa sequenc- 
es. Abbreviations for individual species MHC molecules are as 
described for Fig. 1. The complete amino-acid sequence of Zaca- 
DQA*OI is shown. Single tetters and dots below the amino acid 
sequence represent amino acids that are, respectively, distinct 
from or identical to Zaca-DQA*01. Asterisks indicate missing se- 
quences. Borders of each domain were assigned based upon se- 
quence homology between Zaca-DQA*01 and HLA00601 (human 
DQA, IMGT/HLA Database) (Robinson 2001) 

Tables Sequence polymorphism of MhcZaca-DQA and Mhc- 
Zaca-DQB, delineated by exon 

Exons 1 

DQA 
Nucleotide substitutions 1 
Synonymous 0 
Non-synonymous 1 

DQB 
Nucleotide substitutions 2 
Synonymous 0 
Non-synonymous 2 

2 0 1 n.a. n.a 
0 0 0 n.a. n.a 
2 0 1 n.a. n.a 

5 3 2 1 0 
2 1 1 1 0 
3 2 1 0 0 

two to four independent PCR reactions, by examining 
multiple clones, and by sequencing each clone in both 
directions, in compliance with HLA nomenclature rules 
(Bodmer et al. 1999). 

As with Zaca-DQA, the sequence identity between 
the Zaca-DQB alleles was extremely high, with a total of 
only 14 nucleotide substitutions (Fig. 2). Of these 14 
polymorphisms, the largest number were in exon 2 
(5/14), with the remainder distributed between exon 1 
(2/14), exon 3 (3/14), exon 4 (2/14), exon 5 (1/14), and 
3'UTR (1/14) (Table 3). Exon deletions were not includ- 
ed in these nucleotide substitution calculations. The de- 
duced amino acid sequences indicate that approximately 
two thirds of the nucleotide substitutions (8/13) were 
non-synonymous (Fig. 4, Table 3). The polymorphic 
Zaca-DQP amino acid residues were equally distributed 
between the leader peptide (2/8), the pi domain (3/8), 
the p2 domain (2/8), and the transmembrane region 
(1/8). The relative positions of these polymorphic resi- 
dues were compared with those described in other spe- 
cies and examined using the HLA-DR model for class II 
peptide binding (Brown et al. 1993; Stem et al. 1994). 
Zaca-DQP heterogeneity was observed at residues -5, 
-4, 9, 26, 30, 140, 182, and 212 (Fig. 4). While three of 
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Fig. 4 Amino-acid sequence identity between CSL class II MHC 
clones, human, canine, and other marine mammal DQP sequences. 
Abbreviations for individual species MHC molecules are as de- 
scribed for Fig. 2. The complete amino-acid sequence of Zaca- 
DQB*01 is shown. Single letters and dots below the amino-acid 
sequence represent amino acids that are, respectively, distinct 
from or identical to Zaca-DQB*01. Asterisks indicate missing 
sequences. Borders of each domain were assigned based upon 
sequence homology between Zaca-DQB*01 and XM_011391 
(Human DQB, GenBank accession no. XM_011391) 

these non-synonymous substitutions were located in the 
putative peptide-binding groove (Brown et al 1993; 
Stem et al. 1994), only one of them coincided with poly- 
morphic residues in dogs (residue 30) (Polvi et al. 1997) 

and two (residues 26 and 30) with those described in 
humans (Brown et al. 1993; Stem et al. 1994). 

Three of the Zaca-DQB sequences were missing nu- 
cleotides representing exact and complete exons, either 
exon 2 (1/3) or exon 5 (2/3) (Fig. 2). In addition to their 
apparent exon deletions, each sequence also exhibited a 
unique nucleotide substitution, maintaining their discrete 
identity. 

As with Zaca-DQa a number of group-specific resi- 
due pattems were identified by inter-species comparison. 
Zaca-DQP contained an otariid-specific motif at residue 
26, a shared motif with other marine and terrestrial car- 
nivores at amino acid position 52, and showed homology 
with terrestrial carnivores only at positions 84, 87, 108, 
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ZacaDQA 

I    2   3   4 5   6 

Zaca-DQB 

1    2   3   4  5   6 
■^^ -^^ 4^ ^^Jj^ ■^^ 

Fig. 5 Validation of limited Zaca-DQ sequence variability be- 
tween individuals. Both Zaca-DQA- or Zaca-£»g5-specific prim- 
ers were used to amplify sequences containing the putative pep- 
tide-binding site from individuals from two different geographical 
locations. This figure shows products of these reactions from a 
representative subset of six animals compared by parallel denatur- 
ing gradient gel electrophoresis. For each analysis (Zaca-DQA and 
Zaca-DQB) an identical single band (open arrows) was observed 
in all animals examined, independent of geographical location. 
The sequence identity of the co-migrating bands was confirmed by 
direct sequencing of products from the extracted gel plugs 

and 125. In contrast to Zaca-DQa, no sea-lion-specific 
motifs were identified in Zaca-DQ^. However, fiill- 
length sequences were not available for all species. 

Validation of degree of Zaca-DQ sequence variation 
between individuals 

To determine whether the limited Zaca-DQ sequence 
variability was consistent across individuals, the mobility 
patterns of partial length Zaca-DQA and Zaca-DQB se- 
quences from 19 individuals were compared by DGGE. 
For both Zaca-DQ comparisons, a single band was ob- 
served from each individual (Fig. 5). Furthermore, within 
both the -DQA and -DQB comparisons, the single bands 
showed no differences in gel migration between individu- 
als (Fig. 5). While this finding provided strong evidence 
for Zaca-DQ sequence homology between individuals, 
bands with similar migration patterns may have different 
sequences (Aldridge et al. 1998). Each band was there- 
fore extracted, reamplified and directly sequenced. The 
results showed that, for the gene regions examined, the 
Zaca-DQ sequences were identical for all 19 individuals 
(data not shown). 

Discussion 

Infectious disease is the major cause of morbidity and 
mortality in many free-ranging seal populations. There is 
growing concern about the contribution of human patho- 
gens as causes of disease in the marine environment 
(Harvell et al. 1999), and there have been numerous 

studies attempting to identify these pathogens. There are, 
however, fewer studies examining host susceptibility to 
emerging infectious diseases. Fiulhermore, conservation 
genetics in a number of marine species have expanded 
from their traditional focus on levels of genetic variation 
and inbreeding depression in small declining populations 
(Kretzmann et d. 1997), to include assessment of 
broader issues, such as the spatial and temporal aspects 
of population stracture, demographics and the elucida- 
tions of systematics and phylogeny at any scale (Avise 
1998). The variability and immunological importance of 
the genes in the MHC complex make them ideal for 
identifying genetic diversity, particularly in relation to 
pathogen exposxu-e, both at an individual and population 
level. 

The isolation and characterization of transcribed class 
II MHC gene products from Califomia sea lion peripheral 
blood leukocytes revealed sequences with a similar com- 
position to those classified as DQA and DQB in other 
species. Comparisons of the derived amino acid composi- 
tions supported the classification of these as functional 
molecules from at least two single Zaca-DQA gene loci 
and at least two Zaca-DQB gene loci. Three additional 
Zaca-DQB sequences with large nucleotide deletions 
causing a fiameshift mutation and a premature stop codon 
were also identified. Since the sequences flanking the ap- 
parent deletion showed close homology with traditional 
DQB sequences it is imlikely that these were the result of 
PCR aberrations. They more likely represent nonsense 
transcripts of ftinctional alleles (Voorter et al. 1997), or 
products of pseudogenes, arising from an earUer duplica- 
tion of a fraditional DQB locus (Groenen et al. 1990). 
Investigation of genomic DNA in additional sea lions 
would be necessary to accwately classify these apparent 
null alleles. 

In this study, we used RACE technology to amplify 
fiill-length expressed class II gene sequences. The im- 
portance of this approach was demonstrated by the iden- 
tification of sequence polymorphisms throughout the 
length of both Zaca-DQA and Zaca-DQB gene products. 
Previous studies of marine mammal MHC have only ex- 
amined single exons from individual class II MHC genes 
(Hoelzel 1999; Murray and White 1998; Murray et al. 
1999; Slade 1992). While these studies provide usefiil 
information, variation at one part of a gene, or one gene, 
is not a measure of variation for the entire MHC (Murray 
and White 1998). While multiple DQ sequences were 
derived from the two animals examined, the degree of 
heterogeneity between sequences was extremely low. In 
addition, the distribution of the polymorphic residues in 
sea lions was different from that reported in other spe- 
cies. This confirms findings in other pinniped species 
(Slade 1992), but contrasts sharply with the correspond- 
ing himian and canine DQ genes (Robinson 2001; Polvi 
et al. 1997; Wagner et al, 1998, 1999). The disparity be- 
tween the extent and distribution of sequence heteroge- 
neity between the sea lion and the domestic dog, the 
closest relative with an extensively characterized MHC 
(Schreiber et al. 1998; Wagner et al. 1999), is particu- 
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larly significant because it contradicts the well-estab- 
lished concept of shared residues and motifs within 
and between species (Bontrop et al. 1999; Erlich and 
Gyllensten 1991; Fan et al. 1989; Gustafsson et al. 1990; 
Kupfermann et al. 1992; Slierendregt et al. 1992; Yaeger 
and Hughes 1999). In combination, these findings 
may indicate an independent (convergent) evolution 
associated with pathogen differences between the marine 
and terrestrial environments, or may bring into fiirther 
question the concept of common ancestral lineages be- 
tween marine and terrestrial carnivores. 

Conclusions regarding -DQ variability in the sea lion 
population could not be drawn from the initial Zaca-DQ 
characterization studies because of the small number of 
animals included. To overcome this deficit, the putative 
Zaca-DQ peptide binding sites of 19 sea lions from two 
geographically distinct regions were examined by DGGE 
and direct sequencing. This confirmed that the lack of 
Zaca-DQ variability appears to be consistent across the 
sea lion population. While the characterization studies 
support the existence of multiple loci for both Zaca-DQA 
and -DQB, only a single -DQA and -DQB sequence was 
amplified from each of the 19 animals. This can be easi- 
ly explained, since the DGGE-associated primers 
flanked a region that appears to be highly conserved be- 
tween different loci. 

It is difficult to make conclusions regarding the 
immunological importance of Zaca-DQ molecules, and 
their apparent lack of sequence variability without func- 
tional assays. The high sequence homology with DQ 
genes from other mammalian species and the existence 
of exon-5-deleted sequences in Zaca-DQB (Briata et al. 
1989; Senju et al. 1992; Tsukamoto et al. 1987) support 
their characterization as classical class II MHC genes. 
Furthermore, the high proportion of non-synonymous 
nucleotide substitutions is suggestive of positive selec- 
tion pressure on these gene loci (Hughes and Yeager 
1998) and implies a functional role for these molecules 
in pathogen-specific immune responses. However, sev- 
eral features do not support a traditional role for the 
Zaca-DQ molecules in peptide binding. These include 
the near-equal numbers of non-synonymous and synony- 
mous residue substitutions in the antigen recognition 
site, the amino acid replacements in conserved antigen 
recognition site positions, the high number of non- 
synonymous substitutions in non-peptide binding re- 
gions, the overall lack of sequence variation and the 
presence of exon-2-deficient sequences. In fact, the vtn- 
usual pattern of non-synonymous and synonymous sub- 
stitutions in the putative peptide-binding region closely 
resembles that used to describe non-classical class I 
genes, and as evidence for an evolutionary link to their 
classical counterparts (Hughes and Nei 1989). Clearly, 
there are insufficient data to attribute non-classical char- 
acteristics to the Zaca-DQ genes described here. In fact, 
accurate conclusions regarding the character of Zaca-DQ 
molecules are limited by the small number of individuals 
examined in this study. It will be important to conduct 
fijrther studies, comparing more complete Zaca-DQA 

and Zaca-DQB genotypes between ecologically distinct 
sea lion populations, to fiuther characterize these genes 
and their products, and to examine the dynamics of class 
II MHC variation in this species. 

If Zaca-DQa and -DQP molecules have secondary 
immimological roles, then, since sea lion populations 
continue to thrive, it is likely that the products of a dif- 
ferent class II MHC gene are responsible for peptide- 
binding diversity in this species. While the MHC is poly- 
genic in other species, a high degree of polymorphism is 
often confined to one or two genes (Escayg et al. 1996; 
Fabb et al. 1993; Klein et al. 1986; Mikko et al. 1997; 
Wagner et al. 1999). The identification of a polymorphic 
MHC gene m sea lions would be important, since there 
are several studies examining exon 2 of D^^ and DQB 
genes in other seal species that are used as evidence for a 
lack of MHC diversity in pinnipeds (Hoelzel et al. 1999; 
Slade 1992). The increasing recognition of thriving spe- 
cies with apparent limited MHC polymorphism has also 
been used to question the importance of MHC diversity 
in the vulnerability of a population to disease (Mikko 
et al. 1999). If a yet undiscovered, more polymorphic 
class II MHC gene exists then these conclusions may be 
misleading. The most likely candidate genes are those 
encoding the DRa and DRp molecules, which have been 
shown to be polymorphic in some terrestrial carnivores 
(Sarmiento et al. 1990; Wagner et al. 1996; Yuhki and 
O'Brien 1997). 

In view of the increasmg munber of terrestrial patho- 
gens encroaching on the marine environment (Bengston 
et al. 1991; Kennedy et al. 1988b; Osterhaus et al. 
1988a), studies into marine mammal immunology are 
important in developing strategies to avert potentially 
catastrophic epidemics, particularly in declining or 
threatened populations (Domingo et al. 1990; Harvell 
et al. 1999; Kennedy et al. 1988a; Osterhaus et al. 
1988; Osterhaus and De Vries 1988; Osterhaus 1989; 
Osterhaus et al. 1997). The sequence information from 
this study raises important questions regarding immuno- 
logic diversity in this thriving species. In addition they 
provide a framework from which further studies into 
the California sea lion MHC, and its role in infectious 
disease resistance, can be designed. 
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